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SUMMARY

An investigationwasmadeofthefeasibilityofraisingthe
recrystallizationtemperatureof commercialmolybdenumby limitingthe
amountofprestrainingwithoutappreciablysacrificingstrengthor
auctility●

Therecrystallizationtemperateofmolybdenumdecreaseswith
increaseinthepercentofeffectiveswagingifcounteractingvari-
ablesareabsent.Thel-hourtotalrecrystallizationtemperatureof
onelotofmetalwasabove2900°F for35percentor lessswa@ng,
whereas99percentswaginggavea recrystsll.izationtemperatureof
2300°F. Molybdenumdoesnotslwaysrespondto swaginginthismanner.
Twootherlotsofmetalhadanalmostconstantrecrystallizationtem-
peratureof2075°F irrespectiveof swaging.Iieitherchemicalnor
X-raydiffractionanalysesrevealedanysignificantdatawhichcould
accountforthisdifference.

Theatmosphereusedto detetinetherecrystallizationdatahada
pronouncedeffectonthel-hourrecrystallizationtemperature.Metal
swaged50percentrecrystallizedat 2300°F inhydrogen,2700°F ina
vacuum,and2850°F in argon.

Increasingeffectiveswagingcauseda smallincreaseintheulti-
matetensilestrengthatroomtemperate. Metalswaged10percent
hadan averagestrengthof85,000poundspersquareinchinboththe
as-swagedandstress-relievedstates.Thetensilestrengthsofthe
99-percentswagedmetalandofthestress-relievedmetalaveraged
101,000and96,000poundspersquareinch,respectively.
tensilestrengthsvariedfrom26,000to 39,000poundsper
btithedifferenceoccurredbetweenlotsofmetalandnot

Theductilityatroomtemperaturevsriedwithineach
andillustratedthatsevereprestrainingisnotnecessary

At 1%0° F,
squareinch,
fromswaging.

lotofmetal
to impart
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goodductility.However,stressrelievingimprovedtheductilityin
allcases.At 1800°F, theductilityremainedadequate(10percentor
moreelongation)tithno apparentrelationto swaging.

Recrystallizedmetal,regardlessoftheamountofprior SWa@ng,
possessedmechanicalprop~ies inferiorto as-swagedor stress-relieved
metaltestedatroomtemperature.Althoughincreasedswagingproduced
a considerablyfinerrecrystallizedgrainsize,thiswasno criterion
by whichstrengthorductilitycouldbepredictedforroom-temperature
tests.

13U!J30DUUJTOIT

Practicalengineeringinterestinhigh-puritycommercialmolybdenum
asa high-temperaturematerialhas@creasedtremendouslyinthelast
fewyearsandhasreachedthepointwheremolybdenumisnowtheobject
ofexbensiveresearchanddevelopment.IIotonlysreitspropertiesand
potentialuseatelevatedtemperatmesbeinginvestigated,butalsothe
possibi13.tiesof improvinguponthesepropertiesby suchmeansas alloy-
ingandheattreatingsrebeingexmdned.

Thepresentcommercialpracticeof swagingorrollingingotsof
molybdenumintobarsandsheetshastheeffectofimpartinga fibrous
structuretothemetal.whichpossessessuperiormechanicalpropetiies
tothoseoftheingotormetalsubsequentlyrecrystallized(ref.1).
Althoughswagingincreasesthestrengthandductility,it alsohasthe
verydetrimentaleffectofprogressivelyloweringtherecrystallization
temperature.Thislimitsitsuseto lessthan2000°F andprevents
brazingortheapplicationofprotectivecoatingsathightemperatures
whichwouldrecrystallizethemetal.

Therearetwomethodswherebytherecrystallizationtemperatureof
mostmetalscanbe influenced.Additionsofotherelementsto a pure
metal(impuritiesin commercialmetab maybe effective)usuallyhavea
tendencyto raisetherecrystallizationtemperate. A limitedamount
ofrecentdata(ref.2)showsthattherecrystallizationtemperatureof
arc-castmolybdenumcanbe raisedby theadditionof smdll.percentages
ofotherelements.Thesecondmethodis a fundamentallawofrecrystal-
lization:thesmallerthedegreeofworking(effectivestrainharden-
ing),thehigh= therecrystallizationtemperature.No datatothe
authors’lmowledgeareavailableontheapplicationofthismethodto
molybdenum.

An investigationwasinitiatedattheNACALewislaboratoryto
determinewhethermolybdenumcouldbeproduced,by slightmodification
ofcommercialfabricationmethods,whichwouldhavea higherrecrystal-
lizationtemperaturewithoutanappreciablesacrificein strengthor
ductility.

— .—— ——
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Theinvestigationincluded:

(1)Theeffectof swagingonrecrystallizationtemperature.

(2]Theeffectofswagingon strengthsndductilityatroomtem-
peratureand1800°F.

Dataarealsopresentedongrainsize,chemicalcomposition,and
X-raysnalysis.

MA5HUALPROCESSING

!l%ree5-kilogram,cold-pressed,sintered’mol.ybdenumingotswere
obtainedfromClevelsndTungstenInc.,overa periodoftime,andeach
wasswagedby conventional,comercialmethodsatthetimeofprocure-
mentinto0.225-inch-diameterrodswhichweredesignatedaslots1,2,
SJla3. The0.225-inch-diameterrodof eachlotwasthencutintothree
orfourequallengthsandgivenadditionalprocessingto obtainfinished
0.125-inch-diameterrods,eachpossessinga differentamuntofinduced
strain.A masterprocessingflowdiagram(fig.1)illhmtratesthe
variousstepstakento obtainthesefinishedproducts..5e amountsof
inducedstrainaredesignatedaspercentagesof swaging,whichrepre-
sentcross-sectionalareareductionsfromfullyrecrystallizedmetal.
Theendproductsobtainedfromeachlotofmaterialexeasfollows:

2 10,22,35
3 10,35,50,99

Seefigure2 forphotomicrographsoftypicalstructuresresulting
fromthevariousamountsof swaging.’ ,

Theswagingprocedureforeachingotis shownintableI. The
0.225-inch-dismeterrodsandsllintermediatesizesdownto 0.125inch
wereexaminedmetallographically,andresultsindicatedthatsllswag-
ingfrom0.225inchwasdonebelowtherecrystallizationtemperatureof
thematerial.It isnotknownif anyrecrystallizationoccurredduring
theswagingatthehighertemperaturesusedto reducetheingottothe
0.225-inchdismeter.

.

APPARATUSANDPROCEDURE

“ Short-timetensileevaluation.- ‘Tensilespecimenswerefabricated
witha 1.25+0.02-inchgagelengthwhichwas0.09043.003inchindiameter
witha groundsurfacefinishof5 to16 rootmeansquareunitsof
roughness.

. ——..
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Ultimate-tensile-strengthevaluationsweremadewithTemplAn-ty@e
gripsanda commercialhydraulic-typetensilemachinewitha lowscsle
of 6000-poundcapacity.Yieldstrengthsweredeterminedwitha Templin-
typestress-strainrecorder.An appromte rateof loadingof
300poundsperminute(47,500psi)wasusedforallspecimens.

Theheatingapparatus,instrumentation,andatmosphereprotection
usedto obtsindataat18000F sxedescribedinreference3.

Recrystallization.- Tensile-specimenswererecrystallizedor
stress-relievedeitherin a dryhydrogenatmospherewitha dewpoint
of -& F or lessorina vacuumoflessthanO.2micronasdetailed
intableII.

One-hourrecrystallizationtemperaturedataweredeterminedfor
lot3 inhydrogenandvacuuma8previouslyd alsoin cortunercial,tank
qualityargon. Lots1 and2 wereevaluatedonlyin argon.Datain
hydrogenandsrgonwereobtainedbyplacingspecimensinthefurnace
attheevaluationtemperature.Datainvacuumhadtobe obtainedby
stsrtingwitha coldfurnace.Therefore,heatingtimestotemperature
werenotconstant;a temperatureof 2~0 F requireda~roximately
2.5hours@ 2600°F, about3.5hours.Maximumtemperaturevariation
inallatumsphereswas&l& F.

MetsJlography.- Themetallographictechniquesusedforvisual
examinationsandphotomicrographsaredetailedfnreference1. Per-
centagesofrecrystallizationweredeterminedona longitudinalplane
atthecenterlineofl/2-inch-longspecimens.Graincountsof
rec’rystsllizedmetal.weremadeontransversesurfacesby theJeffries
method(ref.4).

Chemicalanalyses.- Residualgasanalysesweremadeby a vacuum
fusionmethodandthec=bonsnslysesby conventionalmethodsat
BattelleMemorisJ.Wtitute. Thesemiquantitativevaluesweredeter-
minedby theIlationalSpectrographicLaboratoriesusingcarbon-arc
techniques;thesulphurwasdeterminedby conventionalchemicalmethods.

X-rayanalyses.- Grainorientationdatawereobtainedwitha
GeigercounterX-raydiffractionspectrometer.Thespecimenholderand
tec%iquesusedare-describedinreference5. Backreflectiondata
wereprocuredby standardfilmtechniquesandalsowitha 180°Geiger
counterX-raydiffractionspectrometer.

Specimensweregroundandpolishedsothatthediffractingsurface
wasa diametralplaneparalleltotheaxisoftheswagedbar. Since
hand-polishingtechniqueslefta layerofworkedmetalonthesurface,
thislayerwasremovedby electropolishing.
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Effectof ewagingonrecrystallizationtemperature.- Figure3
showsthatthel-hour,totalrecrystallizationtemperatureof lot3
molybdenumin srgonwasvariedovera temperaturerangeof a~roximately
800°to 1000OF %y controllingtheamountof fina3swaging.Thisswag-
ingeffect,however,wasnotevidentin lots1 and2. lot3 hadan
increasinglyhigherrecrystallizationtemperaturewithdecreasing
smountsof effectiveswaging,the10 and35percentswagedmaterialhav-
ingl-hourtotalrecrystallizationtemperaturessomewhereabove2900°F.
Furnacelimitationspreventedan exactdetermination.

Molybdenumwithsucha highrecrystallizationtemperaturehasa
potentialhigh-temperatureusemuchsuperiorto thatoftheusual
heavilycold-workedmetal,whichhasa muchlowerrecrystallization
temperature.Metalwitha highrecrystallizationtemperaturecanbe
brazedwithhigh-melting-pointalloysof superiorstrength,canbe
coatedwithprotectivematerialsathighertemperatures,andalsocan
be usedat a highertemperatureandstillretainthesuperiormechanical
propertiesimpartedbywor?dng.

Althoughtherecrystallizationtemperaturewasraisedappreciably
forlot3 by limitingtheamountofprestrain,someotherunknownvari-
ableetistswhichcanexertsufficientinfluenceto completelynullify
my effectsgainedbythismethod,as shownby lots1 and2 infigure3.
Thesetwolotsofmetalhadenalmostconstantrecrystallizationtemper-
ature,about2075°F, regardlessoftheamountof finishswaging,
althoughtheywereprocessedinthesamewayas lot3 excepta 100°to
2000F higherswagingtemperaturefromthe0.5-inch-diametersizeto
0.125-inchdiameter(table1). Thishigherfinishingtemperaturewould
tendto raiseandnotlowertherecrystallizationtemperature.

Sincechemicalcontentcaninfluencetherecrystallizationtempera-
ture,a vacuumfusionanalysis(tableIII)wasmadeon allthreelots
ofmetal.fortheresidual8ases,oxygen,nitrogen,andhydrogen,which
areconsideredimportantinmlybdenum.TableIIIalsocontainscon-
ventionalchemicalanalysesforcarbonandsulphurand semiquantitative
spectrographicanalysesfortraceelements.Noneoftheseanalyses
showedanysignificantdifferenceamongthethreelotswhichcould
conceivablycausethedifferenceinproperties.

Sinceitwasthoughtthatmolybdenumhavingdifferentrecrystalliza-
tiontemperaturesmightalsopossessstructuraldifferences,anX-ray
diffractionstudywasmadeoflots1 and3 to determinepreferred
orientationcharacteristicsandresidualstressdifferences.TheX-ray
diffractiondata,obtainedwiththemethodsdescribedinreference5,
showthattherewasno appreciabledifferenceinthedegreeortype
ofpreferredorientationbetweenlots1 and3.
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Back-reflectionphotogramsindicatethatallspecimensofboth
lots,regardlessoftheamountoffinishswaging,possessedverylow
residuslstress.Figure4 showsthatmetal.swagedashighas99per-
centproducedDebye-Scherrerringsof sharpspotssndremarkable
resolutionofthe ~ doublet(321),bothtypicaloflowresidual
stressin othermetals.Resolutionofthe & dmibletinvolvesline
broadeningwhichwasfurtherinvestigatedwitha 180°Geigercounter
spectrometer.Thesedataalsoshowno differenceamonglotsorthe
degreeof swaging.However,metalfromlot3 (swaged35percent)when
stress-relievedshoweda decreaseinlinewidthwhichindicatesthe
presenceof lessstress.

Datain reference6 showthatt~e~rkingtemperatureisimportant
in duplicatingmechanicalpropertiesofmolybdenum.Ifpartial.ortotal
recrystallizationoccursatanytimeduringworking,a coarse-grained
structureis obtainedwhichhasinferiormechanicalproperties.This
structurewasobtainedat2372°F aftera 75-percentreductionin mea.
TableI showsthatthemetalusedinthisinvestigationwasalsoswaged
within+1.50°F ofthistemperatureat75percentreductionandit is
notlmownwhetheranyrecrystallizationoccurredduringswagingto the
0.225-inch-diametersize.No recrystallization,however,tookplace
duringfurtherswaging.It isknownthathigherworkingtemperatures
tendto raisetherecrystallizationtemperature,butno dataareavail-
ableformolybdenum.Sincethecommercialtemperaturecontrolwasnot
toogoodduringtheinitialswaging,itisnotlmownwhetherthepos-
sibletemperaturedifferencesamonglotscouldhaveinfluencedthe
recrystallizationtemperate. A1.thoughthisinfluencecouldexist,it
isbelievedunlikelytoresultin a constantrecrystallizationtempera-
tureirrespectiveoftheamountoffinalswaging.

Theatmosphereusedtodeterminetherecrystallizationdataof
lot3 hada pronouncedeffectuponthel-hourrecrystallizationtem-
perature(fig.5). Thiseffectisnotprominentforheavilyswaged
(99percent]materialjbticanmakea tremendousdifference(2400°F
in H2 andover3000°F in A) inmetalswaged35percent.Theslope
ofthecurveobtainedinhydrogenis similarto thatreportedinref-
erence6 inhydrogen forvarioussmountsof swaging,exceptthatthe
curveliesappro~tely 2000F higher.Thoughlower,thereference
dataillustratethechangeofrecrystallizationtemperaturewithwork-
ing,a shsrpriseof300°to 4W0 F occurringbetween33 and17percent
finalworking.

A veryinterestingphenomenonwasobservedwhenspecimemwere
recrystallizedin argonorinvacuum,butitwasneverobservedwhen
hydrogenwasused. Atthel-hourrecrystallizationtemperatureof each
specimen,allthemetalrecrystallizedexceptforanirregularsurface
layer(fig.6],whichaveraged0.005to 0.015inchthick.Thiswas

— .— —
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presentonbothswagedandtransversecutsurfacesin alllotsofmetal
withnorelationtotheamountof swaging.Testsrevealedthatthese
edgegrainswouldnot recrystallizeuntilheldfor1 hourat a tempera-
ture300°to 400°F higherthanthel-hourrecrystallizationtempera-
turesreportedinthedata.Thisphenomenonmayresultfromthedif-
fusionof somegaseouselementintooroutofthemetal.Ifthiscould
be determinedandcontrolled,itmightwellbe anotherpossibilityof
producingmolybdenumwitha highrecrystell.izationtemperature.

Effectof swagingon strengthandductilityatroomtemperature
and1800°F. - Tobe of enypracticalvalue,particularlyat elevated
temperatures,molybdenumgivenonlya lightamountof effectiveswaging
mustpossessmechanicalpropertiesnottooinferiortoheavilyswaged
material.Figure7 showsthattheultimateroom-temperaturetensile
strengthsofmetalgivenonly10percenteffectiveprestrainingcanbe
within16percentthatoftheaverage(approximately101,000psi)of
99percentswagedmaterialandalsohaveequivalentductility.Ifthemetal
isswaged35 percent,thestrengthdifferentialcanbe reducedto 5 to 10
percentoftheaverageofthe99percentswagedmetal.Thisisbuta
smallsacrificeinultimatetensilestrengthfora beneficialincrease
inrecrystallizationtemperatureanddoesnotrestricttheuseof
molybdenumatroomtemperature.

Datainreference3 showthat50percentormoreswagingisbene-
ficialin loweringthetramitiontemperatureofmolybdenumandmay
makethedifferencebetweena ductileorbrittlemetalatroomtempera-
ture. Theductilitycurveforlot3 (fig.7) showsthatforthispar-
ticularingot,35percentswagingwasnotsufficientto lowerthe
transitiontemperaturebelowroomtemperature.However,thereare
unknownfactorswhichalsohaveaninfluenceonthetransitiontempera-
tureas shownby lot2,whichwasgivenonly10to 35percentfinel
swagingandremainedquiteductile.

At elevatedtemperatures,molybdenum,likeothercold-workedmetals,
issubjectto a stress-relievingactionwhichremovesresidualstresses
incurredduringfabricationandresultsina productwithmorenearly
Uniformproperties.Fi~e 7 showsthatstressrelievinggenerally
lowers theultimatetensilestrengbhnomorethan5 percent,exceptin
thecaseofthe22percentswagedmetel.Itisnotlmownwhatfabri-
cationvariablecouldhavegiventhisparticularbarintheas-swaged
stateanultimatetensilestrengthequaltometalswaged99percent.
However,thishighstrengthisrelativelyunimportantsinceit can ~
notbe retainedatelevatedtemperatures.

Inthestress-relievedcondition,molybdenumgivenonly10percent. effectiveswagingcanhavea strengthof86,000poundspersquszeinch;
thestrengthincreasesratheruniformlyupto anaveragevalueof

“
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96,000poundspersquareinchat 99percentreduction.Thisseemsa
ratherslightincreaseforsucha severereduction.Figure7 shows
stressrelievingtobe verybeneficialin improvingtheas-swaged
ductilityatroomtemperature.Outstandingwastheincreaseofductil-
ityfromapproximately6 to 31percentforthe35percentswagedmetal
oflot3.

Theultimatetensilestrengthat18000F (fig.8]variedfrom
26,000to 39,000poundspersquareinch,thevariationdependingalmost
entirelyuponthecharacteristicsofeachlotandnotfromanyeffect
of Swaging.Withinanyonelotofmetal,thestrengthdifferential
fromswa@ngiswi~n theexperimentalscatterband. Thecurvesfor
lot2 wouldprobablyhavebeenstraighter,similartothoseforthe
stress-relievedmetalinfi~e 7,hadsufficienttimebeenallQwed
to effecta completestressreliefwhilethetestingtemperaturewa8
beingattained.Theductilltyat18000F (fig.8) apparentlydepends
onlyupontheinherentpropertiesof eachingotandisnotaffectedby
VsriousamountsoffinalSwaging.Thediscontinuityintheductility
curveoflot2 probablyexistsforthesamereasonasmentionedforthe
strengthcurve.

Althoughvariousamountsofprestrainingdonotresult in large

differencesinmechanicalproperties,theydohavea tremendouseffect
onthegrainsizeofmetalsubsequentlyrecrystallized.A semiloga-
rithmicplot(fig.9) showsthat99percentswagedmetalrecrystallized
witha grainsizeof approxtely 1000to 4000grsinEpersquaremini- “
meter,whereasmetalswaged10percenthadonly7 grainspersquare
millimeter. Thedifferencesin gainspersquaremillimeterbetween
lots1 and3 srelsrgebutdiffernomorethan2 A.S.T.M.grain-size
numbers,whichisnotconsideredlargeincommercialmetallurgy.Data
inreference6 ontheeffectofprestrainingonrecrystallizedgrain
sizeof src-castmolybdenumagreesurprisinglywell(-thin1 A.S.T.M.
grain-sizenuniber)withthedatainthisinvestigationas shownin
figure9.

Theinferiorandvaridmechanicalpropertiesofrecrystallized
metalandalsothelimitedeffectofpriorswagingareshowninfig-
ure10. A comparisonwithfigure7 clearlyillustratesthatas-swaged
propertiessreno criterionbywhichrecrystallizedpropertiescanbe
ascertained.Inthea-waged state,bothlots1 and3 haveequivalent
strengthsandadequatednctility;however,whenrecrystallized,lot1
possessesno ductilityatroomtemperaturewhereaslot3 retainsade-
quateductility.Thisunpredictablescatterofpropertiesisbrought
aboutprimarilyby an incresseinthetransitiontemperaturewhich
occursduringrecrystallization.It isknown(ref.3)thatswaging
lowersthetransitiontemperaturebutthisdesirableeffectisnulli-
fieduponsubsequentrecrystallization.However,someunknown
processingorcompositionalvariableexistswhichexertssufficient

.
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.
influenceto determinewhetherthetransitiontemperatureshaKlbe
aboveorbelowroomtemperature.Althougha finegrainsizeinmost

o metalsusuallyresultsin superiormechanicalproperties,itis
evidentthatinrecrystallizedmolybden~thedifferenceisnegligible.
Thestrengthsofmetslhavinga ~si.nsizeof 7 @ins persquaremil-
limeterwereequivalenttothoseofmetalwith1000to 4000grainsper
squaremillimeter.Theelongationofthelarge-grain-sizematerial
wss10percent,whereasno elongationwasobtainedforlot1,with
appro*tel.y4000grains.

N

fi?l
o

SUMMARYOFRESULTS

Thefollowingresultswereobtainedfromaninvestigationofthe
effectofprestrainingontherecrystallizationtemperatureandmechani-
calpropertiesof sintered,wroughtmolybdenum:

.

1.Therecrystallizationtemperatureofnmlybdenumvariedinversely
withthepercentof effectiveswagingwhencounteractingvariableswere
absent.Thel-hourtotalrecrystallizationtemperatureofonelotof
metalwasabove2900°F for35percentor lessswaging,whereas99per-
centswagedmetslhada recrystsllizationtemperatureof 2300°F. Two
otherlotsofmetalhadan almostconstantrecrystallizationtempera-
tureof approximately2075°F overtheentireworkingrangeof10to
99percent.No differencecouldbe detectedfromeitherchemicalor .
X-raydiffractionanalyseswhichmightaccountforthisvariation
smonglots.

2.Theatmosphereusedto determinetherecrystallizationdatahad
a pronouncedeffectonthel-hour.recrystallizationtemperatureof one
lotofmolybdenumswaged50percentor less.This50percentswaged
lotrecrystallizedin 1 hourat 2850°F in srgon,at2700°F ina
vacuum,andat2300°F inhydrogen.Inthesameatmospheresthe
recrystallizationtemperatureof 99percentswagedmetalvariedonly
from22000to 2300°F.

3.Increasingeffectiveswagi~’causeda smallincreasein.the
ultimatetensilestrengthatroomtemperature.Theaveragestrength
ofmetalswaged10percentwas85YO00poundspersquareinchandof
metslswaged99percent,101,000poundspersqusreinch.Whenstress-
relieved,the10percentswagedmetalretainedthessmestrength
whereasthestrengthofthe99percentswagedmetalwasloweredto
96,000poundspersquareinch.At 1800°F, theultimatetensile
strengthvsriedfrom26,0C0poundspersquareinchto 39,0C0pounds
persqusreinch.Thisdifference,however,WS.8notcausedby tlie
amountofswagingbutby thecharacteristicsof eachlotofmetal
evaluated.

.—--—-—. - - —- —
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.
4.Theeffectofswagingontheductilityof as-swagedmolybdenum

atroomtemperaturevariedwitheachlotofmetal.andshowedthat
hea~ effectiveswagingisnotnecessaryto obtainadequateductility. .
firessrelievingincreasedtheductilityin d-lcasesandalsoill-us-
tratedthat10percentswagingcanimpartductilityequivalentto
99percetiworking.At 1800°F, ductilityremainedadequate(10or
morepercentelongation)withno awarentrelationto theamountof
swaging.

5.Recrystallizedmetal,regardlessoftheamountofpriorswag-
ing,possessedmechanicalpropertiesinferiorto as-swagedor stress-
relievedmetalatroomtemperature.Althoughincreasedswagingproduced
a considerablyfinerrecrysttizedgrainsize,thiswasno criterionby
whichstr- orductilitycouldbe-
temperature.

.’
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TABLEI. - SWAGINGPROCEOUREOFMOLYBDENUM

Roddiameter,in. ReductioninSwagingtemperature,OFRemarks
areafrom
ingot, Lot1 IOt2 Lot3

percent

1.125squareingotto 1.125 21.5 2725 2725 2725 a

1.125tO 0.687 70.7 2450 2450 2450 a

0.687to 0.500 84.5 2275 2275 2275 a

0.500to 0.300 94.4 1925 1925 1750 b

0.300to 0.225 96.9 1750 1750 1650 :b,c

0.225to 0.177 98.1 1750 1750 1650 b,c

0.177to 0.155 98.5 1750 1750 1525 b,c
,.

0.155to 0.142 98.8 16qo 1650 1525 b,c

0.142to 0.132 98.9 1650 1650 1525 b,c

0.132to 0.125 99.0 1650 1650 1525 b,c

a S.75°F.
b -o Fo.

c @.oo2.

1.

.,
s-
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TABLE II. - SHORT-TIMETENSILE

ANDDUCTILITYOF

NACATN 2973

STRENGTH,YIELDSTRENGTH,

hiOLY8DENUM

;waglng,
)ercent

Tempe&tureUltimate
tensile
strength,
lb/sqin.

99
99
99
99
99
99
99
69
69
.69
69
69
69
69
50
50
50
50
50
50

‘ 50
35
35
35
35
35
35
35

35
35
35
35
35
35
35 .
35

::

%!
22
22
22
22

RT
RT

E
1800
1800
1800
RT

::

1%0
1800
1800
RT
RT

R
1800
1800
1800
RT
RT
RT

1%0
1800
1800

RT
RT
RT
RT
RT
RT

lNO
1800
RT
RT

E

l:TW
1800 .

Lot 1

107,.300
104,200
103,500
72,800
38,300
37,200
36,900
99,500
97,100
94,400
71,300
39,200
37,700
37,500
96,100
95,200
93,800
49,800
38,400
38,000
35,800
96,700
95,900
91,100
50,900
37,800
37,000
36,900

Lot 2

84,500
84,000
77,300
70,100
74,200
86,600
86,000
31,100
28,700
100,300
99,800
62,300
63,500
8S,700
33,900
30,800

90,800
92,100
92,200
------
------
------
------
90,100
84,000
------
------
------
------
------
86,400
83,200
87,200
------
------
------
------
89,400
89,900
80,600
------
------
------
------

78,600
72,900
67,200
------
------
77,500
77,600 ,
------
------
95,100
90,200
------
------
81,700
------
------

17.2
21.3
23.4
0
15.6
11.3
13.8
20.3
17.2
21.9
0
10.9
9.4
9.0
17.2
16.4
14.1
0
9.4
13.8
10.0
15.6
18.4
20.0
0
10.9
10.0
12.2

18.8
25.7
23.5
6.3
8.6
26.6
31.1
16.8
21.0
19.5
23.0
3.1
3.5
28.1
13.8

a

a

a

a

recrystallized(1hrat2237°F Inhydrogen].7“0T

b

:
d

b
c
d

recrystallized(takento2700°Finvacuum).
cRecrystallized(1/2hrat2275°F + 1/2hrat2410°F In

hydrogen).
‘Stressrelieved(1hrat1700°F invacuum)”.

.

.
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TABLEII.- Concluded.SHORT-TIMETENSILESTRENGTH,YIELD

:Iaglng
3rcent

STRENGTHANDDUCTILITYOFMOL=DENUM

Temp:&ture,Ultimate Yield Elongation
tensile strength In
strength,0.2percent1.25Inch,
lb/8qin. offset, percent

lbjsqIn.

L10 . RT
10 RT
10 RT
10 RT
10 RT
10 RT
10
10 l:Tm
10 1800

99
99
99
99
99
99
99
29
99
99
99
99
99
99
99
50
50
50
50
50
50
50
50

%
35
35
35
35
35
35
35
35
35
35

RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RT
1800
1800
1800
RT
RT
RT
RT
RT
RT

1::0
1800
1800
RT
RT
RT
RT
RT
RT

1%0
1800
1800

Lot2 - Concluded

‘85,400
85,400
85,100
73,200
70,200
85,100
84,400
28,900
25,800

70,200
76,500
71,500
--.---
------
77,800
73,600
------
------

Lot 3e

104,900
102,200
101,800
100,800
99,200
98;700
96,000
78,600
75,400
70,900
96,700
94,100
34,900
33,800
32,600
95,100
94,300
94,000
72,700
71,400
91,800
91,500
33,1CJ3
32,100
29,600
91,800
88,700
88,300
70,700
69,900
88,600
86,300
34,900
34,600
31,500

94,600
90,100
90,200
88,500
86,500
85,500
81,600
61,40Q
67,600
63,800
84,900
80,600
------
------
------
83,400
81,000
83,100
44,400
41,700
80,400
83,300
------
------
------
79,600
80,600
76,300
40;700
41,500
80,600
78,600
------
------
------

bRecrystallized(takento 2700°F In vacuum).

34.3
28.1
40.3
6.3
14.1
29.7
36.7
21.8
26.4

26.6
25.8
25.2
26.6
20.3
26.6
28.9
32.8
29.7
3.1
25.0
28.1
8.2
11.2
10.6
25.8
25.2
21.9
12.7
13.3
28.5
29.7
13.3
7.5
8.7
7.1
8.6
3.1
11.7
11.7
31.3
29.7
10.0
8.7
10.0

Remarks

b

:
d

cRecrystalllzed(1/2hr at 2275°F + 1/2lW at 2410°F in
hydrogen).

dStressrelieved(1hr at 1700°F in vacuum).
‘DatafromNACATN 2915
‘Recrystallized(6min at’2375°F in hydrogen).
%tress relieved(l~2hrat 1742°Fin hydrogen).
recrystallized(2hr at 2642°F in hydrogen).

—



14 NACA-TN 2973

TABLEIII.- ANALYSESOFMOLYBDENUM

Element Lot
1 2 I ~a

Vacuumfusionanalysis,percentby weigh

~

Convent
Carbon

Sulphur

=o.c#02
c.CW02
d.0002
d.oC03
d.oo22
~.mla1 1

.onalchemicalatiysis,percentby weight
fo.ms go.007 go.~6

g.~6 g.~4
h.m h.Cx13 h.m3

selldquantitit
Wren
Phosphorus
Iron
Magnesium
Lead
Silicon
Bismuth
chromium
Aluminum
uranium
Columbium
vanaaimrl
Copper
cobalt
Nickel
Manganese
calcium
Zinc
Titanium
Antilmly
Arsenic
Barium
Lithium
W311r.ium
Silver

respctrogaphicanalyais,percent1

0.005
.05
.01
.C5
.CX15
.05
.01
.C05
.01
.10
.05
.6
.01
.05
.01
.005
s:&m
J.05
‘.C05
k.oos
k.ol
‘.CDs -
k.ol
k.(X35

%ata fromNACA& 291.5

bAccuracy,f O.(Y3C03
‘Accuracy,~ O.00~2
‘Accuracy,~ 0.0002

O.ms
.05
.01
.05
.(205
.05
.01
.@35
.01
.10
.05
.05
.01
.05
.01
.035
.005
.05
.05

k.(x)s
k.lx)s
k.ol
k.cos
k.ol
k.oos

weight.i

0.C05
.05
.01
.05
.035
.05
.01
.005
.01
.10
.05
.05
.01
.05
.01
.03s
.CX)5
.(26
.05
‘.005
:.(M5
.01
k.cos
‘.01
‘.005

‘Accuracy,f 0.0004
‘Accuracy,f 0.002
gAccuracy,f O.CX31

‘Accuracy,f 0.001

‘Allpercentagesby weightarepresentin lessthandesignated
amount.

js~ghtlyhigherthandesig&tedamount.

%Jotdetected(valuesrepresentdetectableUt). .

. ———— — .— — -
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